Background: Desflurane and sevoflurane have negative inotropic effects. The current study investigated whether these effects resulted in an altered left ventricular response to increased cardiac load and affected length-dependent regulation of myocardial function. Length-dependent regulation of myocardial function refers to the ability of the heart to improve its performance when preload is increased.
EVALUATION of changes in left ventricular (LV) function during an alteration in cardiac load allows dynamic evaluation of LV contractile reserve and assessment of the ability of the myocardium to recruit the lengthdependent regulation mechanism. 1, 2 Length-dependent regulation of myocardial function refers to the ability of the heart to improve its performance when preload is increased. In the nonfailing heart, an increase in diastolic volume is associated with improved cardiac function, 3, 4 but when a failing left ventricle is subjected to an additional load, it appears to be unable to recruit the Frank-Starling mechanism and to improve its function. 5, 6 In coronary surgery patients with a baseline ejection fraction greater than 40%, an increase in cardiac load by leg elevation resulted in a variable response of LV function. Some patients showed improvement, whereas others showed either no change or even impairment of LV function. The latter response was related to a deficient length-dependent regulation of myocardial function, which is characterized by a decrease in stroke volume and maximal rate of pressure development (dP/dt max ) and a delayed myocardial relaxation with enhanced load dependence of LV pressure decrease. 1, 2 Reductions in myocardial contractility adversely modify load dependence of myocardial relaxation. 7, 8 Volatile anesthetics produce direct negative inotropic effects and may therefore exacerbate load dependence of LV relaxation. 9 This may result in further deterioration of LV function, especially in patients with impaired lengthdependent regulation of myocardial function. The hemodynamic effects of desflurane and sevoflurane have been well documented in animals 10 - 15 and healthy humans 16 -18 but not in patients with coronary artery disease. Both agents produce a dose-dependent decrease in myocardial contractility and a prolongation of myocardial relaxation. Because of these properties, we hypothesized that desflurane and sevoflurane would impair length-dependent regulation of myocardial function. We tested this hypothesis in patients scheduled for elective coronary artery surgery. The effects of an increase in cardiac load by leg elevation on LV function were analyzed in the presence of increasing concentrations of desflurane and sevoflurane.
Methods

Patient Population
The study was performed in 20 patients scheduled for elective coronary bypass surgery. The study was approved by the Institutional Ethical Committee (University Hospital Antwerp, Edegem, Belgium), and informed consent was obtained. Patients with a preoperative ejection fraction of more than 40% were included. Patients undergoing repeat coronary surgery, concurrent valve repair, or aneurysm resection were excluded. Patients with unstable angina or with valve insufficiency were also excluded. Patients were randomly allocated to receive either sevoflurane or desflurane.
Anesthesia and Surgery
All preoperative cardiac medication was continued until the morning of surgery. Patients received routine monitoring in the operating room, including five-lead electrocardiogram, radial and pulmonary artery catheters with continuous cardiac output measurement, pulse oximetry, capnography, and blood and urine bladder temperature monitoring. Anesthesia was induced with 20 g/kg fentanyl, 0.1 mg/kg diazepam, and 0.1 mg/kg pancuronium bromide. An additional dose of 10 g/kg fentanyl was administered before sternotomy. Standard median sternotomy and pericardiotomy were performed, and the aortic canula was secured in place. No volatile agents were administered during the preparation period.
Experimental Preparation
In each patient, two sterilized electronic tipmanometers (MTCP3Fc catheter, Dräger Medical Electronics, Best, The Netherlands; frequency response ϭ 100 kHz) were inserted. One catheter was positioned in the left atrium through the right superior pulmonary vein, and the other catheter was positioned in the LV cavity through the apical dimple. Both catheters were connected to a Hewlett Packard monitor (HP78342A, Hewlett Packard, Brussels, Belgium). Both catheters were electronically zeroed after insertion. The output signals of the pressure transducer system were digitally recorded together with the electrocardiogram signals at 1-ms intervals (Codas, DataQ, Akron, OH). Zero and gain setting of the tipmanometers were also checked against a high-fidelity pressure gauge (Druck Ltd., Leicester, United Kingdom) after removal.
Experimental Protocol
Heart rate was kept constant by atrioventricular sequential pacing at a rate of 90 beats/min. LV end-diastolic pressure was kept constant to ensure stable conditions of filling pressures throughout by slow administration of the priming fluid through the aortic canula whenever necessary. All measurements were obtained with the ventilation suspended at end expiration. The measurements consisted of recordings of consecutive electrocardiographic and LV pressure tracings during an increase of systolic and diastolic pressures obtained by raising the caudal part of the surgical table by 45°, resulting in raising of the legs. Leg elevation resulted in a rapid beat-to-beat increase in LV pressures.
After recording the data during control conditions (control condition 1), the patients were randomly allo-cated to receive increasing doses of either desflurane (2, 4 , and 6% end-tidal concentrations) or sevoflurane (1, 2, and 3% end-tidal concentrations). A stabilization period of 5 min was allowed at each concentration before the recordings were made. After the recordings at the highest concentration, administration of the volatile agents was discontinued. When end-tidal concentrations were returned to zero, a new recording was obtained after a stabilization period of 5 min (control condition 2) to assess a possible time effect.
Data Analysis
End-diastolic pressure was timed at the peak of the R wave on the electrocardiogram. The effects of leg elevation in the different conditions on LV load and function were evaluated by the changes in end-diastolic pressure, peak LV pressure, LV pressure at dP/dt min (end-systolic pressure [ESP]), and dP/dt max . Effects of leg elevation on rate of LV pressure decrease were evaluated by dP/dt min and the time constant of isovolumic relaxation. was calculated based on the monoexponential model with nonzero asymptote using LV pressure values from dP/dt min to mitral valve opening. The following equation was used: ln P t ϭ ln P 0 Ϫ time/. Time constant was linearly fit to the corresponding ESP, and the slope R (milliseconds per millimeters of mercury) of this relation was calculated. R quantified changes in induced by the changes in ESP and quantified afterload dependence of the rate of LV pressure decrease. 8 At least 10 consecutive beats were taken for the calculation of R. Sample correlation coefficients of the ESP-relations yielded values of r greater than 0.92 in all patients.
The gradient between left atrial and LV pressure during early ventricular filling was evaluated by calculation of the peak pressure gradient between the left atrium and the left ventricle in the period between mitral valve opening and the next pressure crossover.
Statistical Analysis
All data were controlled for normal distribution. The data before and after leg elevation at the different concentrations were then compared using a two-way analysis of variance for repeated measurements. Interaction analysis revealed whether effects of leg elevation were different with desflurane and sevoflurane. Posttest analysis was performed using the Bonferroni-Dunn test. Relations in hemodynamic parameters were analyzed using linear regression analysis computing the Pearson correlation coefficient. Slopes and intercepts of the different relations were compared using the t test. 19 Preoperative patient data were compared using contingency table analysis and unpaired t test analysis where appropriate. Statistical significance was accepted at P Ͻ 0.05. Table 1 summarizes the preoperative demographic data of the patients in the desflurane and sevoflurane groups. There was no difference in any of the variables. None of the patients developed myocardial ischemia or hemodynamic instability during the period of the study. Table 2 summarizes the effects of increasing concentrations of desflurane on left atrial and LV hemodynamic data at baseline and after leg elevation. At baseline, left atrial pressures (peak A and V waves) and LV end-diastolic pressure remained unchanged with increasing end-tidal concentrations. Peak LV pressure and LV pressure at dP/dt min (ESP) decreased with higher concentrations. dP/dt max and dP/dt min also decreased in a dosedependent way. Time constant of isovolumic relaxation () increased with higher concentrations. Peak left atrial-LV pressure gradient during early ventricular filling remained unchanged throughout (7 Ϯ 3 mmHg at baseline and 6 Ϯ 2, 6 Ϯ 3, and 7 Ϯ 3 mmHg at 2, 4, and 6% desflurane, respectively). Thermodilution cardiac index was 2.9 Ϯ 0.6 l · min Ϫ1 · m Ϫ2 at control and was unaltered with increasing concentrations of desflurane (2.7 Ϯ 0.5, 2.8 Ϯ 0.6, and 2.6 Ϯ 0.4 l · min Ϫ1 · m Ϫ2 , respectively). Changes in left atrial and LV hemodynamic data after leg elevation were similar in control conditions and with increasing concentrations of desflurane. Load dependence of relaxation was not altered. Table 3 summarizes the effects of increasing concentrations of sevoflurane on left atrial and LV hemody-namic data at baseline and after leg elevation. At baseline, left atrial pressures and LV end-diastolic pressure remained unchanged with increasing end-tidal concentrations. Peak LV pressure, ESP, dP/dt max , and dP/dt min decreased in a dose-dependent way. Time constant of isovolumic relaxation () increased with higher concentrations. Peak left atrial-LV pressure gradient during early ventricular filling did not change throughout (6 Ϯ 2 mmHg at baseline and 5 Ϯ 1, 6 Ϯ 2, and 6 Ϯ 3 mmHg at 1, 2, and 3% sevoflurane, respectively). Thermodilution cardiac index was 2.7 Ϯ 0.4 l · min Ϫ1 · m Ϫ2 at control and was unaltered with increasing concentrations of sevoflurane (2.8 Ϯ 0.5, 2.6 Ϯ 0.4, and 2.6 Ϯ 0.5 l · min Ϫ1 · m Ϫ2 , respectively). Changes in left atrial and LV hemodynamic data after leg elevation were similar in control conditions and with increasing concentrations of sevoflurane. Load-dependence of relaxation was not altered. Data are mean Ϯ SD.
Results
COPD ϭ chronic obstructive pulmonary disease; AMI ϭ acute myocardial infarction; ACE ϭ angiotensin converting enzyme.
Fig. 1. Representative example of the effects on left ventricular pressure (LVP), left atrial pressure (LAP), and dP/dt tracings of leg elevation in control conditions (control) and at approximately 1 minimal alveolar concentration of desflurane (top) and sevoflurane (bottom). In both conditions, leg elevation (dashed lines) resulted in an increase in left ventricular and left atrial pressures when compared with baseline (solid lines).
During the alteration in cardiac load by leg elevation, changes in parameters of contraction and relaxation were coupled. Figure 2 When the effects of desflurane and sevoflurane on left atrial and LV hemodynamic data at baseline and after leg elevation were compared at equipotent concentrations (1 MAC: desflurane approximately 6%, sevoflurane ap- Table 3 proximately 2% end-tidal concentration), no significant difference between the two agents were observed. Data during control conditions 1 and 2 were similar (tables 2 and 3), excluding a possible time effect in the current observations.
. Left Ventricular and Left Atrial Hemodynamic Data at Different Concentrations of Sevoflurane
Discussion
Despite their negative inotropic effects, neither desflurane nor sevoflurane adversely affected the ability of the left ventricle to respond to an increased cardiac load in the current study population of coronary artery surgery patients with a baseline preoperative ejection fraction greater than 40%. Assessment of cardiac function not only consists of an evaluation of baseline hemodynamic data, but should also inform about how the ventricle deals with an additional cardiac load; hence, it should inform about functional cardiac reserve. All patients in the current study had a baseline cardiac function that could be qualified as near normal. Nevertheless, a number of patients developed impairment of LV function when subjected to an increase in cardiac load. These patients developed a decrease in dP/dt max and a delayed myocardial relaxation with enhanced load dependence of LV pressure decrease. The latter response is indicative of a deficient length-dependent regulation of myocardial function, 2 indicating that despite their normal values of baseline ejection fraction, these patients had impaired LV function.
Although the inotropic properties of desflurane and sevoflurane have been extensively studied, the effects of these agents on diastolic function remain poorly defined in coronary artery patients. All volatile anesthetics, including desflurane and sevoflurane, produce a dose-related prolongation of isovolumic relaxation. 10, [12] [13] [14] 20 Slowing of isovolumic relaxation was associated with a decline in early ventricular filling, but this was probably not of sufficient magnitude to alter chamber stiffness. 9 The current study evaluated the effects of both agents on some of the determinants of diastolic function, i.e., myocardial relaxation and left atrial-LV pressure gradients. Desflurane and sevoflurane caused a similar increase in and a comparable decrease in dP/dt min , indicating a delay in the isovolumic relaxation phase of diastole. depends on heart rate, ventricular loading conditions, and inotropic state. 21 In the current study, heart rate was carefully controlled, excluding this element as possible confounding factor. Both inotropic state and ventricular loading conditions are altered by desflurane and sevoflurane. Whether the increase in is caused by change in afterload, a decrease in inotropic state, or reflects a direct myocardial negative lusitropic effect cannot be elucidated with the current observations. During the diastolic phase, the early ventricular filling is not only affected by relaxation rate, but also depends on the gradient between left atrial and LV pressures. [21] [22] [23] In the conditions of our study, this gradient was not modified by desflurane or sevoflurane. This suggested that the reported effects of sevoflurane on early ventricular filling 13 are probably mainly related to a decrease in relaxation rate.
Despite their negative inotropic and lusitropic effects, desflurane and sevoflurane did not impair length-dependent regulation of myocardial function. The clinical implication of this observation is that, in patients with coronary artery disease, desflurane and sevoflurane impair LV inotropy, but improvement of myocardial function by the Frank-Starling mechanism remains preserved. This observation might be attributed to the maintenance of an optimal LV-arterial coupling as a result of the combined effects of desflurane and sevoflurane on myocardial contractility and ventricular afterload. In an openchest dog model, Hettrick et al. 14 volatile anesthetics preserve optimum LV-arterial coupling and efficiency at end-tidal anesthetic concentrations less than 0.9 MAC. The physiologic importance of this close interaction between myocardial contractility and ventricular loading conditions in the assessment of dynamic cardiac functional reserve fits in the concept of relative cardiac load. 24, 25 Based on this concept, it might be hypothesized that improved LV function with leg elevation indicates a left ventricle operating at low relative load, whereas impairment of LV function with leg elevation is indicative of a left ventricle operating at high relative load. The combined effects of desflurane and sevoflurane on myocardial contractility and LV loading conditions did not modify relative cardiac load, and, therefore, the response of the left ventricle to leg elevation was not altered.
demonstrated that
The MAC in oxygen has been reported to be 6.0 Ϯ 0.3 (mean Ϯ SD) for desflurane 26 and 1.71 Ϯ 0.07 (mean Ϯ SEM) for sevoflurane. 27 The concentration range examined in the current study therefore allowed comparison of nearly equipotent doses of desflurane and sevoflurane (approximately 1 MAC). Both agents had similar effects on the LV hemodynamics and on the ability of the left ventricle to respond to an increased load. Concentrations higher than 6% for desflurane and 3% for sevoflurane were not evaluated because of the obvious possible deleterious effects on hemodynamics in the current study population.
Because both anesthetic agents affect ventricular loading conditions, myocardial contractility and central nervous system activity, the observed changes in hemodynamics may vary according to the experimental set-up. In our study, all patients received chronic preoperative ␤-blocking medication. They underwent anesthesia based on high-dose opioids combined with benzodiazepines. These two factors will result in a depression of autonomic nervous system reflexes. Myocardial contractility was evaluated by LV dP/dt max , which represents an isovolumic index of contractile state that is heart rateand preload-dependent. 28 The current results were obtained in a clinical model with a fixed-paced heart rate and at constant LV filling pressures. This implies that any effect secondary to a change in heart rate or LV filling pressure was obviated. The observed negative inotropic effects of desflurane and sevoflurane are in line with previous observations using similar 13, 15, 29 and other indices of myocardial contractile function. 9 -14,17,18 The similar degree of depression of myocardial inotropy with equipotent doses of desflurane and sevoflurane in the current group of patients with coronary artery disease also confirms previous observations in experimental study designs. 12, 13, 30 In conclusion, despite their negative inotropic effects, neither desflurane nor sevoflurane adversely affected the ability of the left ventricle to respond to an increased cardiac load in coronary surgery patients with baseline ejection fraction greater than 40%. The clinical implication of this finding is that, in this particular subset of patients, desflurane and sevoflurane impair LV function but do not alter regulation of myocardial function by the Frank-Starling mechanism.
